The rd mouse has been widely used as an animal model of retinitis pigmentosa. In this model, a mutation of rod-specific phosphodiesterase leads to a loss of rods during the early period of postnatal life. Morphological modifications at the level of the outer plexiform layer have been shown (Proc. Nat. Acad. Sci. USA 97 (2000) 11020) in bipolar and horizontal cells. However, very little is known about the functional changes suffered by these cells postsynaptic to the degenerated rods. In the present work we have studied the neurotransmitter-induced currents in rod bipolar cells from the rd mouse retina. Currents induced by glutamate and GABA were studied by the patch clamp-whole cell technique, on rod bipolar cells enzymatically dissociated from the rd mouse retina. Data from rd animals were compared with non-dystrophic NMRI mice. GABA (30-100 lM) and glutamate (100 lM) were applied from a puff pipette in the near proximity of rod bipolar cell dendrites, clamped at physiological membrane potentials, and their evoked currents were studied. In rod bipolar cells from non-dystrophic mouse, puff application of glutamate induced an outward current. This current was increased twofold in absence of extracellular calcium (nominally 0 calcium). In rod bipolar cells from adult rd mouse, currents induced by glutamate were absent. Two types of GABA mediated currents were isolated in rod bipolar cells both in control and rd mouse retinas. The currents mediated by GABA C receptors were observed exclusively at the axon terminal, while the currents mediated by the GABA A receptors were observed upon GABA application to the bipolar cell dendrites. The currents mediated by GABA A receptors in rod bipolar cells from rd mouse were larger than those from control animals. We conclude that after the degeneration of rod photoreceptors in rd mouse, rod bipolar cells lost their glutamate (rod-neurotransmitter) input while they increase their response to GABA (horizontal cell-neurotransmitter). In our opinion, this work describes for the first time the changes in neurotransmitter sensitivity that affect rod bipolar cells after photoreceptor degeneration of the mouse retina.
Introduction
The rd mouse has been established as an animal model of retinitis pigmentosa (RP). This comprises a group of inherited retinal degenerations. In the mouse, more than 10 different forms of RP mutants have been described (Chang et al., 2002) . The rd mouse carries a mutation of the rod-specific b-subunit phospodiesterase gene that induces the massive loss of rod photoreceptors in the first weeks of postnatal life. Photoreceptor degeneration induces a number of changes in the gross morphology of the retina, characterised by the loss of outer nuclear layer and external segments layers of the retina. A complete absence of light induced responses of the retina (electroretinogram) is also observed by day 28 after birth (Frasson et al., 1999) .
It has been recently shown that bipolar and horizontal cells of the rd mouse also suffer dramatic morphological modifications after the loss of retinal rod photoreceptors (Strettoi & Pignatelli, 2000; Strettoi, Porciatti, Falsini, Pignatelli, & Rossi, 2002) . Rod bipolar cells in the rd mouse show a lack of dendritic processes in the outer plexiform layer by the second month of life. Glutamate receptors located in the dendrites of rod bipolar cells have been typified as metabotropic glutamate receptor mGluR6 (Masu et al., 1995) . In the rd mouse, dramatic changes in the localisation of metabotropic glutamate receptors (mGluR6) have been reported (Strettoi & Pignatelli, 2000) . Similarly, neurochemical modifications of the degenerating retina of the RCS rats have been shown (Fletcher & Kalloniatis, 1996 , 1997 . Although these modifications may be significant for the possibility of restoring vision in dystrophic animals, no changes in neurotransmitter sensitivity have addressed to date in cells postsynaptic to degenerated photoreceptors.
The purpose of the present work is to address the synaptic modifications suffered by rod bipolar cells of the rd mouse in terms of glutamate input. In addition to glutamate input from photoreceptors, rod bipolar cells receive GABAergic input from the axon terminal of horizontal cells. In another series of experiments we tested the effect of GABA on the rod bipolar cells.
Materials and methods

Animals and preparation of dissociated cells
Two types of mice were used for the present experiments, NMRI mice, bred in the animal house of the University of Alcala, and C3H/HeJ (The Jackson Laboratory). NMRI animals were selected for control experiments since ionic currents from rod bipolar cells of the NMRI retina have been extensively studied by our group (De la Villa, Vaquero, & Kaneko, 1998; Vaquero & De la Villa, 1999) and no significant differences have been found with other mouse strains when tested. For all the experiments, both control and dystrophic mice, animals ageing 4-8 weeks were selected, since it has been shown that the rd mouse retina have lost the rods photoreceptors by the fourth week of postnatal life (Portera-Cailliau, Sung, Nathans, & Adler, 1994) . All animals were maintained in 12/12 h light/dark cycles before sacrificing. Animals were handled according to the European Union statement for the use of animals in laboratory.
Bipolar cells were isolated from mouse retina by the method used previously (see De la Villa, Kurahashi, & Kaneko, 1995; Kaneko, Pinto, & Tachibana, 1989) . Animals were sacrificed by cervical dislocation. Death was ensured by observing heart and breath stop. The eyeballs were enucleated and hemisected, and the retina was detached from the pigment epithelium. The isolated retina was introduced in a standard solution containing (in mM), NaCl 135, KCl 5, MgCl 2 1, CaCl 2 2, Glucose 10 and HEPES 10; the solution also phenol red 0.001% (wt./vol); pH adjusted to 7.4 with NaOH. For enzymatic dissociation, the retina was incubated in the standard solution containing 10-20 U/ml papain (SIGMA Chemical Co) and 0.1 mg/ml cysteine for 20-30 min at 30°C. After rinsing with a standard solution containing bovine serum albumin (BSA) 0.01% (wt./vol) (namely BSA þ standard solution), the retina was triturated using a glass pipette. One to two drops of the cell suspension were dispersed in a plastic culture dish containing %2 ml standard solution. Plastic dish bottom was substituted by a cover-glass coated with concanavalin A (SIGMA Chemical Co). Cells were maintained at 4°C for 1-12 h before use. All experiments were done at room temperature.
Identification of cellular types
Dissociation procedure produced a mixture of cells. Bipolar cells were easily identified from other retinal cells by their morphology. Rod bipolar cells constitute %50% of bipolar cells of the mouse retina and they can be easily identified after dissociation by their typical morphology. It has been shown that rod bipolar cells of the mammalian retina show protein kinase C-like immunoreactivity (PKC-IR) (Greferath, Gr€ u unert, & W€ a assle, 1990 ). In our experiments, PKC-IR was performed occasionally on isolated cells (for methods, see Vaquero, Velasco, & De la Villa, 1996) ; in all cases, the recorded cells corresponded to rod bipolar cells.
Recording procedures
For recording, the culture dish was mounted on the stage of an inverted microscope, with phase-contrast optics (Nikon, TMD). A stainless-steel ring was put into the dish to reduce the volume to about 0.15 ml. Cells were initially perfused at a rate of 0.6 ml/min continuously with an external BSA þ standard solution. Membrane currents were recorded by patch pipette in the whole-cell configuration (Hamill, Marty, Neher, Sakmann, & Sigworth, 1981) . The pipette was connected to a current-voltage converter (Axoclamp 200A, Axon Instruments). Ag-AgCl indifferent electrode was connected via agarose-bridge to the superfusate. Holding (V h ) and command (V p ) voltages were generated by a personal computer connected to the CEDplus (Cambridge Electromedical Devices, Cambridge, England). Time and voltage resolution of pulse generator were 0.5 ms and 1 mV. Data were sampled and digitised by a 12-bit A/D converter after passing through an 8-pole Bessel filter. Sampling rate was set at an adequate value between 0.2 and 20 ms depending on the type of analysis. Sample data were analyzed off-line by an IBM-compatible personal computer with laboratory made programs based on Data Acquisition Driver Software (National Instruments). Ionic current magnitudes induced by glutamate or GABA application were measured at the peak. Current amplitudes were averaged from three consecutive drug applications.
Pipette solutions contained (in mM) KCl 110, NaCl 10, MgCl 2 1, EGTA 5, CaCl 2 , 0.5, HEPES 10, GTP 1, cGMP 0.1, ATP 1, cAMP 0.01 (pH adjusted to 7.2 with KOH). Patch pipettes were made of Pyrex tubing (1.2 mm o.d.), pulled in two steps on a pipette puller (Narishige Scientific Instruments, P-83). After heat polishing, the inner diameter of the pipette was about 0.5-1 lm. The capacitance of the pipette was compensated electrically. Resistance of the pipette as measured in the bath was usually about 5-20 MX. After obtaining the Giga-seal, the membrane patch under the pipette was ruptured by gentle suction, and voltage clamp condition was established. Electrode series resistance ranged from 10 to 50 MX and it was compensated up to 80%. Membrane resistance and the leak current were estimated by application of hyperpolarising and depolarising voltage pulses of 10 mV steps from a holding potential of )40 mV, after suppressing all the voltagegated currents by ion substitution and by selective blockers. The mean input resistance was 11:6 AE 4:6 GX (mean AE SD, n ¼ 15). No subtraction of the leak current was done on the data. Cell capacitance was determined by the electric charge divided by the voltage, and it was 5:6 AE 2:4 pF (mean AE SD, n ¼ 22).
Estimate of the space clamp
Since rod bipolar cells have an axon of up to 30 lm long and of about 1 lm in diameter, a question may arise whether the entire cell was uniformly voltage clamped. From the surface area of about 400 lm 2 (measured from the view at the inverted microscope) and an input resistance of %10 GX, the membrane conductance per unit area was estimated to be 0.25 Sm À2 . If we assume a cytoplasm resistivity of 2 X m, a space constant (k) of about 700 lm may be estimated, a value much longer than the length of the dendrites and axon. Thus, it seems likely that the entire cell membrane was uniformly clamped (5% of potential decay at most distal portions of the membrane, 30 lm away from soma).
Drug application
Drugs were applied by a pressure from a puff pipette positioned in the near proximity of the recorded cell (see De la Villa et al., 1995) . In most experiments, puff pipette with a fine tip (%1 lm) was used. The pipette tip was positioned close to the dendrites or the axon terminal of the cell under recording. Drugs used in the present experiments, bicuculline and TPMPA, were purchased from Sigma Chemical Co.
The present work includes the data from a total of 37 rod bipolar cells from NMRI mice and 18 rod bipolar cells from C3H/HeJ mice. Results presented in this work were obtained from at least five different cells unless otherwise indicated. All averaged data are expressed as mean AE SD.
Results
Local application of glutamate onto rod bipolar cells dissociated from NMRI mouse induces a decrease in membrane conductance, that may be observed as upward deflection in cells clamped at negative potentials. These currents, in the mammalian rod bipolar cells, are mediated by the mGluR6 metabotropic glutamate receptors and cGMP gated channels (De la Villa et al., 1995) . It has been shown in the amphibian retina that lowering external calcium may increase the magnitude of glutamate induced current (Nawy, 2000) . In our experiments, glutamate induced current was tested in 2 mM external calcium and calcium free solution (nominally 0 calcium). Fig. 1 shows the current response to glutamate application recorded in a rod bipolar cell from NMRI mouse.
Local application of GABA onto the rod bipolar cells dissociated from the NMRI mouse retina induces chloride-mediated currents. These currents are carried by the GABA A and GABA C receptors (Vaquero & De la Villa, 1999) . The current mediated by the GABA C receptor has been shown to be located in the axon terminal, while the GABA A mediated current is supposed to be widely distributed along the entire cell membrane (Vaquero & De la Villa, 1999) . In the present experiments we show that the dendrites of rod bipolar cells from the NMRI Fig. 1 . Glutamate induced currents in rod bipolar cells dissociated from the mouse retina. Continuous recording from a rod bipolar cell dissociated from NMRI mouse retina clamped at )30 mV. Upward defections correspond to the decrease in membrane conductance induced by 1 s pressure application of 100 lM glutamate (d) from a puff pipette located in the near proximity (%10 lm) of the recording cell. Black bar above the recording trace corresponds to the decrease in extracellular calcium (nominally 0 calcium). mouse retina contain almost exclusively GABA A receptors, since the current induced by local application of GABA on the dendrites is completely blocked by bicuculline, a GABA A specific blocker. Fig. 2 shows the pharmacological isolation of GABA A and GABA C components of the GABA induced current in the dendrites and the axon terminal of a single rod bipolar cell. In our experiments, rod bipolar cells were clamped at )30 mV, since those potentials are very close to the membrane potential recorded in dissociated bipolar cells (De la Villa et al., 1995) and no voltage dependent potassium currents are activated. In all the experiments, GABA was applied by pressure from a puff-pipette located in the near proximity (%10 lm) of the recorded cell. Duration of the puff was adjusted to the value that induced the maximal response. In most experiments, the largest current magnitude was obtained for puff duration of 200 ms. A 200 ms puff of 30 lM GABA applied locally onto the dendrites of rod bipolar cells induced a fast decaying inward current of %40 pA amplitude in cells clamped at )30 mV. When GABA (30 lM) was applied in presence of 100 lM bicuculline, the GABA induced current was completely abolished (Fig. 2A ). The puff pipette was then moved towards the axon terminal of the cell under recording and GABA was applied again; application of GABA (30 lM) onto the axon terminal induced a slow decaying inward current of %50 pA amplitude. The ionic current induced by GABA at the axon terminal was completely abolished in presence of TPMPA 100 lM, a selective blocker of the GABA C receptors (Fig. 2B) , thus indicating that the GABA receptors located at the axon terminal of rod bipolar cells correspond to the GABA C subtype.
From these experiments, we conclude that mGluR6 and GABA A receptors were located specifically at the dendrites of rod bipolar cells of the NMRI mouse retina. Next, we studied if the currents recorded upon activation of these receptors were modified in the C3H/HeJ dystrophic animals. In a series of experiments, rod bipolar cells were dissociated from the dystrophic animals and glutamate-induced conductance was tested in these cells. Rod bipolar cells dissociated from dystrophic animals were easily identified by shape criteria (dendrites, soma, axon and axon terminal). A significant decrease in the number of dendrites was noticed in rod bipolar cells from dystrophic animals. Glutamate 100 lM was puffed repeatedly every 90 s over the dendrites/dendritic trunk of rod bipolar cells and no change in membrane conductance was observed, even if external calcium was lowered from the perfusion media. We tested the effect of glutamate in a total of 13 recorded cells and just one responded to glutamate (see Section 4). Fig. 3 shows the response to local application of 100 lM glutamate on a single rod bipolar cell dissociated from NMRI control mouse (Fig. 3A) and the lack of effect of local application of 100 lM glutamate on a single rod bipolar cell dissociated from C3H dystrophic mouse.
We further studied the currents induced by GABA in rod bipolar cells dissociated from dystrophic retina. In a series of experiments, 30 lM GABA and 100 lM TPMPA was included into the puff pipette and applied by pressure over the dendrites of recorded rod bipolar cells. The duration of puff application was adjusted to the value that produced maximal response (%200 ms). Bipolar cells were clamped at a holding voltage of )30 mV. An increase in the ionic currents induced by 30 lM GABA and 100 lM TPMPA in rod bipolar cells from dystrophic animals was observed when compared with control animals. The GABA induced current averaged from five different rod bipolar cells dissociated from the C3H mouse retina was 332 AE 22 pA, in cells clamped at )30 mV. The magnitude of the ionic current mediated by GABA A receptors averaged from 10 different rod bipolar cells dissociated from the NMRI mouse retinas was 101 AE 10 pA, in cells clamped at )30 mV. When the currents recorded in rod bipolar cells from dystrophic animals were tested in presence of 100 lM bicuculline, the current was blocked almost completely thus indicating that the current was mediated by GABA A receptors. Fig. 4 shows examples of ionic currents mediated by GABA A receptors recorded from rod bipolar cells dissociated from NMRI mouse (Fig. 4A ) and C3H/HeJ dystrophic mouse (Fig. 4B ).
Discussion
In the present work we showed evidence of the decrease in the expression of glutamate receptors in rod bipolar cells after degeneration of the rod photoreceptors. We further demonstrate that after the loss of rod photoreceptors in the dystrophic retina, rod bipolar cells increase their sensitivity to GABA, mediated by the GABA A receptors.
In the mammalian retina, rod bipolar cells express a metabotropic type of glutamate receptors, the mGluR6 (Masu et al., 1995) . Activation of mGluR6 in rod bipolar cells induces the activation of the Gaa o protein (Vardi, 1998 ) that ultimately induces a decrease in membrane conductance to cations (De la Villa et al., 1995) . The mechanisms underlying the decrease in membrane conductance has not been completely demonstrated to date. Second messengers such as cGMP or cytosolic calcium has been suggested as cellular transducers in lower vertebrates (Nawy, 2000; Nawy & Jahr, 1990) . In the present experiments we showed that decreasing of extracellular calcium induces an increase in the tonic inward current of rod bipolar cells; changes in membrane conductance induced by glutamate shows an apparent increase in magnitude. In our experiments, lowering of external calcium was used as a tool for increasing the apparent magnitude of glutamate induced current. We further tested the glutamate response in rod bipolar cells dissociated from rd mouse. In our experiments, all but one rod bipolar cells recorded from dystrophic animals responded to glutamate application. This ratio would indicate a decrease in the expression of mGluR6 at the rod bipolar cell membrane when compared with control animals. According to the results by Strettoi and Pignatelli (2000) , a displacement of the metabotropic glutamate receptors towards the bipolar cell soma and axon of rod bipolar cells is produced in the rd mouse after rod degeneration. Our results further demonstrate that these glutamate receptors are not functional, since they do not induce any change in membrane conductance upon activation. Just 1 out of 13 rod bipolar cell dissociated from a dystrophic animal responded to Fig. 4 . GABA A mediated currents in rod bipolar cells from control and dystrophic rd mouse retina. Ionic currents induced by 200 ms pressure application of 30 lM GABA-100 lM TPMPA from puff pipettes with fine tips located in the near proximity (%10 lm) of the dendrites of rod bipolar cells clamped at )30 mV. (A) Currents recorded from a rod bipolar cell dissociated from the NMRI mouse retina. The current generated at the dendrites in completely blocked by 100 lM bicuculline (grey trace). (B) Currents recorded from a rod bipolar cell dissociated from the C3H dystrophic mouse retina. The current generated at the dendrites in almost blocked by 100 lM bicuculline (grey trace). glutamate application. We cannot clearly explain this response but we suggest that rod bipolar cells may establish new contacts at the cone pedicle, as it has been recently shown in the rd mouse (Peng, Hao, Oka, & Wong, 2002 Localisation of GABA receptors in the mammalian bipolar cells has been previously studied from a functional point of view. Two functional families of ionotropic GABA receptors have been described in the mammalian retina, the GABA A and the GABA C receptors (for review, see Lukasiewicz, 1996; Lukasiewicz & Shields, 1998a) , that confer distinct temporal properties to the retinal synaptic responses (Lukasiewicz & Shields, 1998b) . Different contribution of GABA A and GABA C receptors to the retinal bipolar cells have been described (Euler & W€ a assle, 1998) . The current induced by GABA application to rod bipolar cells is mediated 70% by the GABA C receptors, and 30% by the activation of the GABA A receptor.
In the present experiments we were interested in GABA receptors located at the dendrites of rod bipolar cells. In previous work we showed that in the rod bipolar cells of the mouse retina, the GABA A receptors were located mainly at the cell dendrites and the GABA C receptors at the axon terminal (Vaquero & De la Villa, 1999) . The present work confirms this notion based on the pharmacological isolation of the GABA A and GABA C receptors and the local application of GABA at different cellular areas. Since glutamate response was abolished in rod bipolar cells of the rd mouse, we further tested if GABAergic input on rod bipolar cells of the dystrophic mouse was affected as well.
Our experiments demonstrate that in absence of glutamate input, rod bipolar cells experience an increase in GABAergic sensitivity. In our opinion, at least two different mechanisms may explain the increased sensitivity to GABA: (i) the up regulation of GABA receptors at the dendrites of the rod bipolar cells of the rd mouse; (ii) changes in GABA receptor modulation by cellular messengers in absence of glutamate input.
From our experiments we cannot conclude that lateral information from horizontal cell processes to rod bipolar cells is increased. However, if we consider the sprout of horizontal cell processes that takes place in the retina of the rd mouse (Strettoi et al., 2002) , an increase in functional input from horizontal to rod bipolar cells may be suggested. In our opinion, new experiments are needed to demonstrate that the increase in GABA-induced current at the dendrites of rod bipolar cells is due to an up regulation of the GABA receptor and not to a change in the modulatory mechanisms of the receptor itself. Further work and the use of immunohistochemical techniques would help to answer this question.
